The trans-Golgi network (TGN) plays an essential role in intracellular membrane trafficking. In plant cells, recent live-cell imaging studies have revealed the dynamic behavior of the TGN independent from the Golgi apparatus. In order to better understand the relationships between the two organelles, we examined their dynamic responses to the reagent brefeldin A (BFA) and their recovery after BFA removal. Golgi markers responded to BFA similarly over a range of concentrations, whereas the behavior of the TGN was BFA concentration dependent. The TGN formed aggregates at high concentrations of BFA; however, TGN proteins relocalized to numerous small vesicular structures dispersed throughout the cytoplasm at lower BFA concentrations. During recovery from weak BFA treatment, the TGN started to regenerate earlier than the completion of the Golgi. The regeneration of the two organelles proceeded independently of each other for a while, and eventually was completed by their association. Our data suggest that there is some degree of autonomy for the regeneration of the TGN and the Golgi in tobacco BY-2 cells.
Introduction
The trans-Golgi network (TGN) was initially defined in mammalian cells as a specialized compartment at the trans side of the Golgi apparatus (Roth et al. 1985, Griffiths and Simons, 1986) . As with the Golgi cisternae, which house many enzymes required for cargo processing, the TGN also possesses resident enzymes as a continuation of the Golgi factory (Rabouille et al. 1995) . The TGN is also responsible for cargo sorting to postGolgi destinations including the plasma membrane, lysosomes and the extracellular space (Keller and Simons 1997, Gendre et al. 2015) . Morphological studies of the TGN by electron microscopy suggest that this organelle is generated by fenestration of the trans-Golgi cisternae, which appear to 'peel off' from the Golgi stack and fragment into smaller vesicles and tubules (Rambourg et al. 1979 , Ladinsky et al. 1994 , Clermont et al. 1995 . In addition, in professional secretory cells which produce very large secretory granules, the typical TGN structure is lost (Clermont et al. 1995) . These ultrastructural analyses have led to the idea that the TGN is a transient structure and is consumed to achieve cargo transport to the next destinations.
The notion of the TGN as a compartment that is continuously consumed and renewed agrees with the cisternal maturation model, one of the major intra-Golgi transport models. In this model, Golgi cisternae transition from cis to trans by recycling resident proteins back to earlier cisternae via COPI vesicles. The Golgi cisternae are transient; they are formed at the outermost cis face, and ultimately dissipate at the outermost trans face (Nakano and Luini 2010 , Glick and Luini 2011 , Ito et al. 2014 . Although some inconsistencies exist for the simple cisternal maturation model, data from live cell imaging in the yeast Saccharomyces cerevisiae (Losev et al. 2006 , MatsuuraTokita et al. 2006 , Midori et al. 2016 suggest this model as a favorable basic scheme.
The TGN 'peeling' has also been imaged by electron tomography in Arabidopsis Kang 2008, Kang et al. 2011) . However, the plant TGN does not seem to dissipate immediately after detaching from the Golgi apparatus. Confocal microscopy has revealed that some populations of the plant TGN move independently, associating transiently with the Golgi stacks (Viotti et al. 2010) . Our 3D time-lapse data collected by super-resolution confocal live imaging microscopy (SCLIM) have demonstrated that the free TGN (Golgireleased independent TGN: GI-TGN) is derived from the Golgi-associated TGN (GA-TGN) by a process of segregation .
In tobacco BY-2 cells, the secretory vesicle cluster (SVC), which carries secretory carrier membrane protein 2 (SCAMP2) and secretory materials such as pectin, navigates the cytoplasm and fuses with the plasma membrane (Toyooka et al. 2009 ). Although it is currently unknown whether the SVC is equivalent to the GI-TGN, the SVC is generated from the TGN, and contains a TGN marker. Such dynamism of the TGN is specific to plants, and strongly suggests the independence of the plant TGN.
In addition to its dynamics, the plant TGN differs substantially from the Golgi cisternae in terms of function. Live cell imaging has revealed that the TGN acts not only in the secretory pathway, but also in the endocytic pathway in plant cells. An endocytosis tracer (FM4-64) localizes at the TGN prior to its expression at late endosomes, indicating that the TGN functions as an early endosome (Dettmer et al. 2006) . Time-lapse imaging and immunoelectron microscopy have also shown that plasma membrane proteins internalized by endocytosis pass through the TGN (Viotti et al. 2010) . The plant TGN is therefore a trafficking hub where the secretory and endocytic pathways intersect.
In this study, in order to gain an insight into the relationship between the Golgi apparatus and the TGN, we examined the dynamic behavior of the TGN during brefeldin A (BFA) treatment and after BFA washout in living tobacco BY-2 cells (Nagata et al. 1992, Robinson and Ritzenthaler 2006) . Upon BFA treatment of plant cells, the TGN is known to form aggregates, whose appearance differs across species. In Arabidopsis root cells, the TGN forms large aggregates called BFA bodies (or BFA compartments), together with the Golgi stacks and endosomal compartments (Langhans et al. 2011 . On the other hand, in tobacco cells the TGN is known to form aggregates that are much smaller than those in Arabidopsis root cells, presumably because the Golgi apparatus gets absorbed into the endoplasmic reticulum (ER), which then arrests the supply of material to the TGN (Langhans et al. 2011 , Ito et al. 2012 . However, we demonstrate here that TGN proteins relocalize to numerous tiny structures dispersed throughout the cytoplasm by treatment with a low concentration of BFA in tobacco BY-2 cells. Furthermore, after BFA removal, the TGN started to regenerate independently of the Golgi apparatus before the Golgi stacks complete their regeneration. At a later stage, almost all the TGN and the Golgi became associated, in contrast to untreated cells in which a significant population of the TGN is separated from the Golgi. We suggest that the TGN is not exclusively an extension of the Golgi maturation, and the association of the two organelles is necessary at a later stage of regeneration.
Results

Redistribution of TGN proteins upon BFA treatment
In order to observe the dynamic relationship between the TGN and the Golgi apparatus, we labeled these organelles with different fluorescent proteins in tobacco BY-2 cells. To visualize the TGN, we used SYP41, one of the Qa-SNAREs localized at the TGN (Bassham et al. 2000 , Sanderfoot et al. 2001 , Uemura et al. 2004 . As a Golgi marker, we used ST (the cytoplasmic, transmembrane, and stem regions of rat sialyltransferase), which localizes to the trans-Golgi cisternae in plant cells (Boevink et al. 1998 , Ito et al. 2012 . We established a BY-2 cell line coexpressing these marker proteins fused with green fluorescent protein (GFP) and monomeric red fluorescent protein (mRFP) (GFP-SYP41 and ST-mRFP).
Using confocal microscopy, we observed multiple puncta of GFP-SYP41 in the cytoplasm, some associated with diskshaped Golgi cisternae labeled by ST-mRFP and the others not (Fig. 1A, upper panels) . A similar spatial relationship between GFP and mRFP was observed in a cell line expressing GFP-SYP31 (a cis-Golgi Qa-SNARE; Uemura et al. 2004 ) and mRFP-SYP41 (Fig. 1A, lower panels) . These findings are consistent with previous reports for Arabidopsis hypocotyl cells (Viotti et al. 2010 ) and for root cells of the elongation and differentiation zones . The GI-TGN is easily found in larger differentiated cells but is rare in smaller meristematic cells of Arabidopsis plants . Tobacco BY-2 cells appear to behave similarly to Arabidopsis larger cells, despite their high rate of cell division.
When we treated BY-2 cells expressing GFP-SYP41 and STmRFP with 50 mM BFA, ST-mRFP was absorbed into the ER and GFP-SYP41 relocalized to several aggregates, as previously reported in tobacco leaf protoplasts ( Fig. 1B; Langhans et al. 2011) . A similar distribution of fluorescent fusion proteins was obtained in the same cell line treated by 25 mM BFA (Fig.  1D) . Time-lapse observations made during treatments with 50 mM BFA revealed that the dynamics of ST-mRFP were similar to our previous observation (for a different cell line): initial accumulation of the punctate Golgi stacks to form several aggregates and subsequent relocalization of ST-mRFP to the ER ( Fig. 1B; Ito et al. 2012) . During this process, the TGN labeled by GFP-SYP41 initially formed aggregates with the Golgi stacks and remained clumped after the ST-mRFP relocalization to the ER ( Fig. 1B ; Supplementary Movie S1).
In contrast, when the cells were treated with 10 mM BFA, we found that the majority of the GFP-SYP41 signal was dispersed throughout the cytosol, and that only a few puncta remained (Fig. 1C) . A similar relocalization of GFP-SYP41 was observed upon 5 mM BFA treatment (Fig. 1D) . In spite of the distinct concentration-dependent dynamics of GFP-SYP41, the relocalization of ST-mRFP to the ER occurred at either high or low BFA concentrations (Fig. 1C, D) . Time-lapse observation during 10 mM BFA treatment showed that the TGN initially formed aggregates with the Golgi stacks, and then the GFP-SYP41 signal dispersed while ST-mRFP was absorbed into the ER ( Fig. 1C ; Supplementary Movie S2). These results indicate that the response of SYP41 to BFA is concentration dependent.
As another marker of the TGN, we examined VHA-a1, a subunit of V-ATPase, which has been demonstrated to localize to the TGN together with SYP41 or its close homolog SYP43 (Dettmer et al. 2006 ). In tobacco BY-2 cells, VHA-a1-GFP labeled multiple punctate structures ( Fig. 2A, -BFA) . Like SYP41, VHA-a1-GFP exhibited a cytosolic distribution by 10 mM BFA treatment, with only a few punctate structures remaining ( Fig. 2A, +BFA) .
We also examined the response of SYP31, a Golgi Qa-SNARE (Uemura et al. 2004) , to low-level BFA. When the cells co-expressing GFP-SYP31 and ST-mRFP were treated with 10 or 5 mM BFA, GFP-SYP31 localized to small punctate structures, whereas ST-mRFP was absorbed into the ER membrane (Fig.  2B ). This result was almost identical to that observed with 50 mM BFA (Ito et al. 2012) . Therefore, the BFA concentration-dependent behavior of marker proteins was only seen for those proteins directed to the TGN.
Furthermore, we examined whether such BFA concentration-dependent behavior of TGN markers also occurs in Arabidopsis root cells, because the Golgi apparatus shows a completely different response to BFA in Arabidopsis cells compared with tobacco cells (Langhans et al. 2011 , Ito et al. 2012 . We treated the Arabidopsis plants expressing GFP-SYP43 (a close homolog of SYP41; Uemura et al. 2014 ) with 5, 10, 25 and 50 mM BFA, and observed their root cells. As a result, large BFA bodies were observed at 25 and 50 mM, and we found no obvious change of GFP-SYP43 localization at the lower concentrations ( Supplementary Fig. S1 ). This indicates that the cytosolic diffusion of TGN markers by weak BFA treatment does not occur in Arabidopsis cells.
Localization of SYP41 upon weak BFA treatment
Because SYP41 and VHA-a1 are transmembrane proteins, it is highly unlikely that they are solubilized into the cytosol. Therefore, we considered that the cytosolic localization pattern induced by weak BFA treatment could instead indicate their relocalization to numerous tiny membrane vesicles that are beyond the resolution of normal confocal microscopy.
To test this hypothesis, we observed GFP-SYP41 under the same conditions by total internal reflection fluorescence microscopy (TIRFM). In the absence of BFA, GFP-SYP41 localized to punctate structures (Fig. 3A , -BFA), some of which were much larger than the others (arrowhead). Short-interval timelapse observation revealed that the smaller structures moved rapidly, while the larger ones were relatively static (Fig. 3B , -BFA). Given their size (around 1 mm 2 ), the larger structures were probably the typical TGN that can be observed by conventional confocal microscopy. The smaller structures were likely to be vesicles or small clusters of vesicles.
Upon weak BFA treatment, the larger structures disappeared, as was observed by confocal microscopy, and the number of smaller structures increased as compared with control cells (Fig. 3A , BFA 1.5 h and 2 h). Time-lapse observation showed that these small dot-like structures were extremely dynamic, as were smaller structures in control cells (Fig. 3B , BFA 1.5 h and 2 h). Consequently, these data indicate that the cytosolic distribution of GFP-SYP41 upon weak BFA treatment is the result of protein localizing to many small vesicular structures.
In addition to live cell imaging, we observed the intracellular structures by transmission electron microscopy. BY-2 cells were fixed by high-pressure freezing/freeze substitution (HPF/FS) and ultrathin sections were prepared. In the cells treated with weak BFA, we could not identify the Golgi stacks or the typical TGN. Instead, there were multiple clathrin-coated vesicles of approximately 50 nm diameter (Fig. 3C, arrowheads) , some forming clusters distinct from the normal appearance of the TGN or the BFA bodies that form in response to higher concentrations of BFA ( Fig. 3D, E ; Driouich et al. 1993 , Lam et al. 2009 ). The TGN markers presumably relocalize to these vesicles and clusters upon weak BFA treatment.
Uptake of FM4-64 in the presence of weak BFA The plant TGN has been shown to act as an early endosome in the endocytic pathway (Dettmer et al. 2006 , Viotti et al. 2010 . To examine the effects of weak BFA treatment on this pathway, we observed internalization of FM4-64, which is a widely used endocytic tracer. In the absence of BFA, FM4-64 was gradually internalized from the plasma membrane, with multiple punctate structures labeled (Fig. 4A , -BFA 1-3 h). Later on, we could clearly observe the vacuolar membrane, which indicated FM4-64 transport through all the endocytic pathway to the vacuole (Fig. 4A , -BFA 4 h). On the other hand, incubation with 10 mM BFA resulted in FM4-64 dispersal throughout the cytoplasm after internalization, with punctate structures rarely observed (Fig. 4A , +BFA 1-3 h). FM4-64 was internalized into the cytoplasm with similar kinetics to untreated cells, and the intracellular fluorescent intensity almost reached a plateau by 2 h (Supplementary Fig. S2A ). The number of bright punctate structures at this time point (2 h) was about 10 times less in the cells treated with 10 mM BFA compared with the control (Supplementary Fig. S2B, C) . However, the tracer eventually reached the vacuole, similarly to control cells (Fig. 4A , +BFA 4 h). This result indicates that weak BFA treatment does not prevent the ultimate transport of FM4-64 from the plasma membrane to the vacuole.
To examine the relationship between FM4-64 transport and the vesicular structures to which SYP41 localizes in the presence of low level BFA, we observed the internalization of FM4-64 in BY-2 cells expressing GFP-SYP41. FM4-64 was added to a cell suspension that had been pre-treated with 10 mM BFA for 90 min, and the cells were washed immediately using fresh medium containing 10 mM BFA. By TIRFM, puncta of FM4-64 were observed, which presumably represent endosomes just beneath the plasma membrane (Fig. 4B, C) . While some GFP-SYP41 puncta were proximal to FM4-64 puncta, the two signals did not completely overlap (Fig. 4B, arrows) . Short-interval time-lapse observation showed that a punctate structure labeled by GFP-SYP41 approached a puncta of FM4-64, associated briefly then moved away ( Fig. 4C ; Supplementary Movie S3, arrowheads). These results suggest that FM4-64 was not transported through the same compartment where SYP41 localized, although there were some associations between the two classes of structures.
TGN regeneration after BFA removal
Next, we observed the regeneration of the TGN relative to the Golgi apparatus. Cells expressing GFP-SYP41 and ST-mRFP were treated with 10 mM BFA, and time-lapse observation was performed after BFA removal. To stop the movement of organelles and inhibit the de novo synthesis of marker proteins, latrunculin B (LatB) and cycloheximide were added, similarly to experiments performed to observe Golgi regeneration in our previous study (Ito et al. 2012) . Confocal microscopy revealed that bright punctate structures of GFP-SYP41 appeared very early after BFA removal ( Fig. 5 ; Supplementary Movie S4, 0 min). Their number gradually increased, whereas ST-mRFP remained largely localized to the ER (Fig. 5, 30 min) . ST-mRFP signals assumed a punctate distribution much later than GFP-SYP41 (Fig. 5, 90-180 min) , indicating that the TGN began to regenerate before the trans-Golgi cisternae.
As we reported previously, the Golgi stacks regenerate from punctate structures containing specific cis-Golgi proteins after BFA removal, with a wave of regeneration from the cis to the trans face (Ito et al. 2012) . To examine the relationship between the regeneration of the TGN and punctate structures of cisGolgi proteins, we also performed regeneration experiments using cells expressing GFP-SYP31 and mRFP-SYP41. At an early stage of regeneration, the punctate structures of GFP-SYP31 and the regenerated puncta of mRFP-SYP41 appeared to be independent of each other ( Fig. 6 ; Supplementary Movie S5, 09:44). Subsequently, however, as puncta of GFP-SYP31 gathered to form larger clumps (the first step of the Golgi regeneration), puncta of mRFP-SYP41 joined together (Fig. 6 , 29:45-91:48). The two sets of signals stayed associated throughout the remainder of the regeneration process. Following regeneration, almost all of the signals for the Golgi stacks and the TGN were juxtaposed (Fig. 6, 121:49) . This was considerably different from the condition in untreated cells, in which we can easily find GI-TGN.
From these data, we suggest that the TGN starts to regenerate independently of the Golgi stacks, and later association of the TGN and the Golgi is necessary for the completion of their regeneration.
Discussion
BFA concentration-dependent dynamics of TGN proteins
The plant TGN has been known to form aggregates with endosomal components by BFA treatment (Langhans et al. 2011, Uemura and . In this study, we have confirmed that a TGN marker (SYP41) localizes to aggregates in BY-2 cells upon incubation with 25-50 mM BFA. However, we have also realized that SYP41 behaves differently in the same cell line at lower concentrations of BFA (5-10 mM); it fails to localize to any recognizable structures, and instead exhibits a hazy cytosolic distribution. Another TGN marker, VHA-a1, responds similarly to weak BFA. Because Golgi markers, including Qa-SNARE SYP31, failed to demonstrate such concentration-dependent dynamics, it is shared neither between the Golgi and the TGN, nor among Qa-SNAREs. Observation by TIRFM revealed that SYP41 localizes to numerous small punctate structures upon treatment with a low concentration of BFA, indicating that the cytosolic signal originates from these punctate structures, which are beyond the resolution limit of conventional confocal microscopy. SYP41 is a transmembrane protein, thus the small structures are presumably membranebound compartments such as vesicles. Electron micrographs, which revealed the presence of multiple clathrin-coated vesicles and the absence of the TGN, support this idea.
In this study, we have found that the TGN gathers with the Golgi stacks at early stages following treatment with a low concentration of BFA, but that these aggregates do not persist. From these data, we suggest that the formation and retention of the aggregates of the TGN represent distinct events with different sensitivities to BFA. Both steps are provoked by high concentrations of BFA, but lower concentrations of BFA cause only the former. It is possible that distinct ADP ribosylation factor (ARF) GTPases or their guanine nucleotide exchange factors (GEFs) with different sensitivities to BFA regulate these two stages independently.
Because such a dispersal of TGN markers localizing on tiny vesicular structures by weak BFA treatment did not occur in Arabidopsis root cells, this phenomenon is unique to tobacco BY-2 cells so far. This might be due to the difference of BFA sensitivity of the function of their ARF GEFs at the TGN, similarly to the different responses of the Golgi markers to BFA treatment between these plant systems (Langhans et al. 2011) .
What happens during weak BFA treatment?
There are several plausible mechanisms underlying the dispersal of TGN proteins throughout the cytoplasm as small vesicular structures. It has been shown that SCAMP2, which principally co-localizes with SYP41 at SVCs, relocalizes to the plasma membrane by weak BFA treatment in BY-2 cells (Toyooka et al. 2009 ). Therefore, the TGN markers might also be transported initially to the plasma membrane, then rapidly internalized by endocytosis, or excluded from SVCs before they reach the plasma membrane. On the other hand, the plant TGN has recently been suggested to mature into multivesicular endosomes (MVEs) along the endocytic pathway , Choi et al. 2013 . In this context, the TGN markers might be excluded from the TGN by small vesicles during maturation into MVEs. Such vesicles generated from the plasma membrane, SVCs or MVEs might accumulate and become visible as the cytosolic signal by weak BFA treatment. Because the small vesicular structures containing TGN markers mainly appear by BFA treatment and are much less observed in untreated cells, these structures might be rapidly consumed or rarely generated in natural conditions. It is also possible that the TGN itself becomes fragmented into small vesicles.
Unlike the Golgi cisternae, the TGN produces clathrincoated vesicles (Ladinsky et al. 2002 , Donohoe et al. 2007 , and their formation is regulated by ARF1 (Memon 2004 . Because BFA inhibits the GEFs required for ARF1 activity, the formation of clathrin-coated vesicles at the TGN was thought to be impossible in the presence of BFA (Langhans et al. 2011) . However, our electron micrographs show that weak BFA does not inhibit the formation of clathrin-coated vesicles, which leads us to hypothesize that the relocalization of TGN markers could be mediated by clathrincoated vesicles.
In any case, the vesicular structures do not appear to form larger structures in the presence of a low concentration BFA. Is this attributed to the disappearance of the Golgi stacks, which might eliminate the target of vesicles to fuse with? Following BFA removal, SYP41 rapidly began to localize at larger structures, ahead of Golgi stack regeneration (see the later discussion). This indicates that the small structures can reassemble without the Golgi stacks. Therefore, we would propose that there are scaffolding or tethering proteins that collect vesicles independently of the Golgi apparatus, and that their function is inhibited by weak BFA treatment. One such candidate protein is AtGRIP. In animal cells, some of the long coiled-coil tethering factors have a GRIP domain, and localize at the TGN (McConville et al. 2002, Goud and Gleeson, 2010 ). An Arabidopsis GRIP domain protein AtGRIP has been shown to localize at the far trans side of the Golgi stacks and the TGN (Gilson et al. 2004 , Latijnhouwers et al. 2005 , Latijnhouwers et al. 2007 , Osterrieder 2012 . This membranous localization of AtGRIP relies on its direct interaction with a small GTPase ARF-LIKE 1 (ARL1; Latijnhouwers et al. 2005 , Stefano et al. 2006 . The rat homolog of ARL1 is known to be inactivated by BFA, which provokes its dissociation from membranes, but with different kinetics compared with the Golgi ARFs (Lowe et al. 1996 , Lu et al. 2005 .
Transport from the plasma membrane to the vacuole in the presence of a low concentration of BFA Because the plant TGN can act as an early endosome in the endocytic pathway, we initially thought that transport from the plasma membrane to the vacuole was inhibited when the TGN collapsed into small vesicles by weak BFA treatment. However, uptake and transport of FM4-64 from the plasma membrane to the vacuolar membrane appeared to be unaffected. This might indicate that the small vesicular structures containing TGN proteins still function as early endosomes. It is also possible that the transport route via the TGN is blocked, but other routes bypassing the TGN remain unaffected. We observed association between different vesicular structures containing FM4-64 and SYP41, which did not co-localize completely. The physiological significance of this association remains unknown. The behavior of the cargo proteins along the endocytic pathway via the TGN needs further examination.
TGN regeneration and its relationship to the Golgi stacks
In this study, we have demonstrated that the regeneration of the TGN begins very early after BFA removal, while the regeneration of the trans cisternae of the Golgi occurs significantly later. In addition, at an early stage of regeneration, the punctate structures of the TGN form from the dispersed cytosolic pattern, and this is totally independent from the puncta of cisGolgi SYP31 protein, which act as the scaffold for Golgi stack regeneration (Fig. 7A-C) . In our previous study (Ito et al. 2012) , we showed that the regeneration of the Golgi stacks proceeds in a cis to trans direction, which is consistent with the cisternal maturation model. If the TGN were also re-formed by cisternal maturation contiguous with the Golgi apparatus, the TGN Fig. 6 Regeneration of the TGN and the cis-Golgi after BFA removal. Time-lapse confocal images of BY-2 cells expressing GFP-SYP31 (cis-Golgi, green) and mRFP-SYP41 (TGN, magenta) following BFA removal. Cells were treated with 10 mM BFA for 2 h, with BFA subsequently washed out. LatB (2 mM) was added 30 min before BFA removal, with cycloheximide (100 mM) added at the time of BFA removal. Times shown the indicate time elapsed after BFA removal. Scale bar = 20 mm.
would commence its regeneration near the Golgi scaffold after the trans cisternae of the Golgi have been created. Our results strongly suggest that the plant TGN is not just the sequel to Golgi maturation and that at least a portion of its components can reassemble without supply from the Golgi.
Furthermore, we have found that almost all the Golgi stacks and the TGN are paired after regeneration. This is conspicuously distinct from the untreated cells, in which significant proportions of the two organelles lie apart from each other. Time-lapse observation has revealed that the TGN, which starts to regenerate independently from the Golgi, becomes associated with the Golgi stacks at a later stage of regeneration (Fig. 7D, E) . Therefore, although functions of the TGN and the Golgi do not require their persistent association under usual conditions in plant cells, the close contact between the two organelles should be indispensable for completing their regeneration.
According to the classical Golgi cisternal maturation model, the TGN is continuously consumed, with the trans-most Golgi cisterna maturing into the next TGN. Although this model appeared to be liked earlier, some conflicting data were reported. One report concerned the export kinetics of cargo proteins from the Golgi apparatus. In mammalian cells, both large and small secretory cargoes exit the Golgi area (including the TGN) with exponential kinetics (Patterson et al. 2008) . However, in the continuous maturation model, cargoes may be expected to exit the Golgi with linear kinetics. This problem can be avoided by modifying the model to include the TGN as a stable platform whose genesis does not depend solely on maturation from the Golgi. Our previous observation of the Arabidopsis TGN by SCLIM has revealed that when the GA-TGN separates from the associated Golgi stack to become GI-TGN, the 'core' of the TGN remains on the Golgi, which reforms the GA-TGN By a low concentration of BFA, specific cis-Golgi proteins localize to punctate compartments close to the ERES, while other cis-, medial-and trans-Golgi proteins relocate to the ER membrane. Some of the TGN proteins localize to numerous small vesicle-like structures dispersed throughout the cytoplasm. (C) After BFA removal, the TGN proteins begin to localize at larger structures, which are not related to the punctate compartments of cis-Golgi proteins. (D) The punctate compartments of cis-Golgi proteins gather to form the cis-Golgi cisternae. The regenerating TGN associates with them. (E) The Golgi stacks regenerate in the cis to trans order. The TGN remains associated with the Golgi (back to A).
by capturing TGN components. ). This suggests that the generation of the GA-TGN does not solely depend on the maturation from the trans cisternae of the Golgi. From the results we have obtained in this study, we propose that there is a border between the trans-Golgi and the TGN. Further investigation of cargo transport not only within the Golgi, but also between the Golgi and the TGN, will provide further insights into the relationship of the two major sorting platforms, the Golgi and the TGN.
Materials and Methods
Plasmid construction
The dual site Gateway vectors, pGWB3501 (a kind gift from T. Nakagawa, Shimane University) harboring GFP-SYP41 and ST-mRFP (GFP-SYP41/STmRFP), and GFP-SYP31 and mRFP-SYP41 (GFP-SYP31/mRFP-SYP41), were generated using the GATEWAY system. Original clones for GFP-SYP31, GFP-SYP41 and ST-mRFP were described by Uemura et al. (2004) . For the construction of GFP-SYP41, GFP-SYP41 was cloned into pGWB1 using the GATEWAY system (Thermo Fisher Scientific; https://www.thermofisher.com/). VHA-a1-GFP and GFP-SYP31/ST-mRFP were described by Dettmer et al. (2006) and Ito et al. (2012) , respectively.
Establishment of transgenic BY-2 cell lines
Wild-type bright yellow-2 (BY-2) tobacco (Nicotiana tabacum) cell suspension cultures were grown in modified Murashige and Skoog medium enriched with 0.2 mg l -1 2,4-D (BY-2 medium), and maintained as described in Nagata et al. (1992) . Three-and four-day-old BY-2 cells were used for microscopic observations. Transformation and selection of BY-2 cells was performed as described in Ito et al. (2012) .
BFA treatment and removal
BFA (Sigma-Aldrich; https://www.sigmaaldrich.com/) at 50 or 10 mM diluted in dimethylsulfoxide (DMSO) was prepared as stock solutions. Aliquots were added to the BY-2 suspension cultures to achieve the final concentrations described. For Golgi regeneration experiments, BY-2 cells treated with BFA were washed 2-3 times using fresh BY-2 medium (BFA-free), and then re-suspended in BY-2 medium containing the drugs indicated in the figure legends.
Drug treatments
To depolymerize actin filaments, 2 mM LatB (Sigma-Aldrich, stock solution prepared at 2 mM in DMSO) was added to cultures. To inhibit protein synthesis, 100 mM cycloheximide (Sigma-Aldrich, stock solution prepared at 100 mM in DMSO) was used. To visualize endocytosis, cells were treated with 10 mg ml -1 FM4-64 [N-(3-triethylammonium-propyl)-4-(6-(4-(diethylamino) phenyl) hexatrienyl) pyridinium dibromide, Thermo Fisher Scientific; a 10 mg ml -1 stock solution was prepared in water]. The duration of drug treatment is indicated in the figure legends.
Confocal microscopy
Confocal images were obtained using an IX81-ZDC fluorescence microscope (Olympus; http://www.olympus-lifescience.com/) equipped with a confocal scanner unit (CSU10, Yokogawa Electric; https://www.yokogawa.co.jp/) and a cooled digital CCD camera (ORCA-R2, Hamamatsu Photonics; http://www. hamamatsu.com/). For lengthy time-lapse observations, cell cultures were imaged in 35 mm glass bottom dishes pre-coated with poly-L-lysine (Matsunami; http://www.matsunami-glass.co.jp/).
TIRFM
Single-color TIRFM observation was performed using an Olympus IX-71 equipped with a laser controller (QT ADM2-35, Chuo Seiki; https://www. chuo.co.jp/) and EMCCD camera (iXon X3, Andor; http://www.andor.com/).
For dual-color observations of GFP-SYP41 and FM4-64, a fluorescent microscope Eclipse TE2000-E (Nikon; http://www.nikon.co.jp/) equipped with the Nikon TIRF2 system was used. GFP and FM4-64 were simultaneously excited by the 488 and 561 nm lasers. The emitted fluorescence was separated using a 565LP dichroic mirror and filtered through either a 515/30 (GFP) or 580LP (FM4-64) filter, with a Dual View filter system (Photometrics; http:// www.photometrics.com/). Images were subsequently acquired with an Andor iXonEM EMCCD camera.
Electron microscopy
HPF/FS and ultramicrotomy were performed as described in Toyooka et al. (2009) . In brief, the BY-2 culture after BFA treatment was frozen in a highpressure freezer (EM-PACT, Leica Microsystems; http://www.leica-microsystems.com/), substituted with OsO 4 , stained by tannic acid and embedded in epoxy resin. Blocks were then sectioned by a 35 2 mm diamond knife (Ultra, Diatome; https://www.diatomeknives.com/) to generate ultrathin slices, which were placed on copper grids and stained by 4% uranyl acetate and lead citrate. The samples were examined by a transmission electron microscope (JEOL, JEM-1011; http://www.jeol.co.jp/), and images were acquired using the DualView CCD camera (Gatan; http://www.gatan.com/) and Gatan Digital Micrograph software.
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Supplementary data are available at PCP online. 
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